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ABSTRACT 


The diffraction pattern of a clean, well ordered, (III) plane 
of a single copper crystal was obtained by heating the crystal for 200 
hours at 1000°F followed by 50 hours heating at 1500-1600°F. The work 
function change of the initially degassed surface (200 hours heating at 
1000°F) after 50 hours heating at 1500-1600°F was +0.55 electron volts. 
Additional heating for 350 hours at 1500-1600°F changed the work function 
of the clean surface-by -0.40 electron volts. 

_An oxygen exposure of 3.8 x We torr-sec resulted in a work 

function change of +0.6 electron volts from that of the clean surface. 

Nitrogen and hydrogen exposures did not change the surface 


work function. 
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CHAPTER I 
INTRODUCTION 


The study of gas-solid surface interactions has become im- 
portant in recent years, with applications to aerodynamics of space 
vehicles, semi-conductors, catalytic processes, and many other instances 
where the properties of the solid surface are important. 

One of the most difficult problems to be overcome in any 
experimental investigation of gas-solid surface interactions is that 
of obtaining a well specified solid surface. This is a two-fold problem 
involving methods of cleaning the surface and the instrumentation neces- 
sary to monitor the cleaning process. 

Surface cleaning methods include resistive heating, electron 
bombardment, ion bombardment, and oxygen-hydrogen reduction. The in- 
strumentation often used 1S the electron optical methods of LEED (Low 
Energy Electron Diffraction) and HEED (High Energy Electron Diffraction) ; 
electron microscopy, ellipsometry, internal reflection spectroscopy, 
thermonic and photoelectrid diodes. 

It is the object of this thesis to develop a method of ob- 
taining a clean, well ordered surface, and to incorporate into the 
LEED system a method for measuring surface work function change. The 
metal surface being studied is the (III) plane of copper. Similar 


work has been done by Farnsworth (1,2) on the (100) plane of copper. 
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CHAPTER II 
THEORY 


2.1.1 Low Energy Electron Diffraction 

Prior to the development of electron optical techniques of 
LEED and HEED, precise and quantitative information about solid surface 
structures was not available. The electron optical techniques for 
studying surfaces give firm proof that many important properties of 
materials are largely determined by surface structure. These pro- 
perties include electronic behaviour, corrosion, corrosion resistance 
and catalysis. 

Many early theories on electronic behaviour of metals made 
the assumption that atoms on a surface plane had the same arrangement 
as the atoms in a parallel plane inside the crystal. Recent theories 
disprove this. The existence of a surface requires that the atoms in 
it have no neighbours on one side. The forces acting on them are there- 
fore unsymmetrical, resulting in a modification of the atomic arrange- 
ment in the plane of the crystal face. 

An even more significant effect is that real surfaces quickly 
become contaminated by adsorbed atoms. Where these atoms are adsorbed 
is strongly influenced by the position of the atoms on the clean surface. 

The periodic arrangement of atoms in a crystal scatters ma- 


terial waves, producing diffraction patterns similar to those produced 
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by light scattering from a two dimensional system of line gratings. 
This phenomenon can be used to study surfaces. Provided the energy 

of the incident electrons is sufficiently low (~100 eV), only one or 
two atomic layers are penetrated. Hence the resulting diffraction 
pattern is representative of the crystal surface. Each crystal plane 
will have a characteristic diffraction pattern, since different atomic 
arrangement and spacing exists for different crystal planes. 

A necessary condition that must be met for any diffraction 
effect to exist is that the incident electron waves must have wave- 
lengths somewhat less than the largest grid spacing of the crystal 
surface. In general this spacing is of the order of a few angstroms. 

X-rays and neutron waves have sufficiently short wavelengths, 
but because of their penetrating power they cannot be used to study the 
structure of the surface of a crystal. Electrons, however, make the 
ideal probe. Their wavelengths and energies can be adjusted so that 
they penetrate only the outermost atomic layers of a crystal surface 
and still cause a diffraction effect. Use of low energy electrons as 
a probe, then, gives a diffraction pattern of the crystal surface rather 
than the bulk. Thus the name Low Energy Electron Diffraction (LEED). An 
illustration of a Leed optical system is shown in figure 1. 

If a metal is bombarded by a directed, monoenergetic electron 
beam, it will be observed that the secondary electrons emitted from the 
surface have a wide distribution of energy and angle with respect to 


the incident beam. A representative energy distribution is shown in 
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figure 2 (3). Only about one percent of all secondary electrons have 
the same voltage as the primary beam and these are incident electrons 
which have been elastically scattered. Since these elastically 
scattered electrons are the ones forming the diffraction pattern, the 
remainder of the electrons must be filtered out. This is done by means 
of a suppressor grid, set at a potential one percent lower than the 
potential of the incident electron beam. 

The LEED system contains a fluorescent screen which will 
luminesce when electrons strike it with sufficient energy. Since the 
diffracted beams penetrate the suppressor grid with only a few electron 
volts, they have to be post-accelerated to give them sufficient energy 
to produce a fluorescent spot on the screen. This is accomplished by 
applying a potential of + 2kV to the fluorescent screen as shown in 
figure 1. 

A shield grid is often added to provide a field free region 
between the crystal and suppressor grid so as not to distort the path 
of the slow moving electrons in this region. 

The wavelength of the incident electron beam is given by 


4 150 
AS 8 er Angstroms C2 Ve. 1) 
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electron wavelength [A] 
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electron accelerating potential [Volts] 
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2.1.2 Crystal Planes 

Crystals can usually be classified with regard to atomic 
structure in terms of one of fourteen Bravais crystal lattices (4). 
One of the simplest of these, and the one of interest in this thesis, 
is the face centered cubic lattice. The arrangement illustrated below 


is a face centered cubic lattice (5). 


A two dimensional crystal plane is specified according to the 
way in which it intersects a three dimensional set of axis by Miller 
indices (hkl). These points are the inverse of the intersection points 
of the crystal plane with an arbitrary set of axis, xyz respectively. 
Each of these surfaces is made up of a repeating pattern of atoms that 
extends infinitely in two dimensions. These repeating patterns are 
usually specified in terms of the smallest repeating array of atoms 
defining the entire surface, called a unit mesh. The three most densely 


packed planes of a face centered cubic crystal and their corresponding 
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unit mesh are shown below: 
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2.1.3 Line Gratings 

An easy understanding of the diffraction pattern caused by a 
surface plane can be obtained by considering the interference effect of 
a simple line grating illustrated in figure 3. The condition for con- 


structive interference of two diffracted wavelets is (6): 
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grid spacing. 


Relationship (2.1.2) then becomes 


dsin®=na . (26104) 


The constructive interference of wavelets appear as bright 
areas on the screen, whereas destructive interference (n = 3, 2...) 
appear dark. The reflected beam (corresponding to constructive inter- 
ference orders n = 1,2,3 ...) move (as the order n is increased) in a 
plane perpendicular to the line grating. As shown in figure 3, the 
diffracted orders (0,0), (1,0), (2,0) ... (n,0) are all in a line passing 
through the centre of the incident electron beam and perpendicular to 
the line grating. 

In the LEED system, the crystal acts as a reflection grating 
instead of a transmission grating. No lens is necessary. The spots are 


images of the collimated beam. Lens 1] and the source are replaced by 


an electrostatically focused electron beam. 
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The optical system equivalent to our LEED system is a system 
having the light source in the focal plane of a lens, whereby pro- 
jecting an image of the source on a screen. In between the lens and 
the screen, a collimated beam of small diameter is formed. This beam 
impinges on the crystal surface. Since any diffraction order is only 
an image of the source, shifting the line grating does not change the 


position of the diffraction order. 


2.1.4 LEED Diffraction Patterns 

LEED diffraction patterns are formed by constructive inter- 
ference of electron waves elastically scattered from the two dimensional 
array of atoms in a crystal surface. 

In analyzing such scattering it is convenient to regard the 
crystal as built up of (III) planes of atoms parallel to the principal 
facets and picture only electrons scattered from the outermost atomic 
plane. Establish a system of Cartesian coordinates as shown below, 


with Z direction perpendicular to the crystal surface. 
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ce = incident electron beam 

k = scattered electron beam 

S = least distance between atoms in a (III) plane 
CE 
is 2 V2 

[k]= 1/A 


k = wave vector 


Define an electron beam (Ko) incident on the (III) plane, 
along the wave vector koe whose direction cosines are dys mM» ny: We 
observe the waves scattered in the direction k whose direction cosines 
are Los M, > No. For the scattered waves to interfere constructively, 


scattering must be in the k direction whose direction cosines are given 


by (7): 
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where X = wavelength of the incident light 
p& Yr are any integers. 
Me Ko is at normal incidence, then 2, = m = 0, ny = Lf 
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ho = (ptr) ¢ 
my = (p-r) ee (71,6) 
S73 
Tye fem 


Consider the most general case of an electron beam incident 


upon a line grating set at some arbitrary angle 6 from the y axis. 
y 


Equations (2.1.6) become: 


hy = coswsind = (ptr) 2 
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Further geometric relationships are given by the following 


equations: 


Sinl = sindOsind 


sind = sinécosd/cosw 


d= Scoso, forte = sv 


Cos6 = v3 Sind 


Equations (2.1.7) with the above relationships become: 
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9 sind = (ptr) 
(22.128) 


a|> 


sind = (p-r) 


MY 

The above formulae give the angle at which constructive 
interference will occur. In order to predict the position of the spot 
expected on the LEED screen, it is necessary to correct for the viewing 


surface being a plane surface rather than a hemispherical surface. 
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Crystal Surface Screen Viewing 
Surface 


The geometric relationships that exist are: 


Kew=eR oS iNGncosé 
(23159) 
Y' = R sind sind 
where 8 and 6 are as previously defined 


R = radius of screen. 
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For the (III) face of copper the minimum distance between 
atoms, S = 2.57A . The diffraction pattern results from constructive 


interference from all parallel rows defined in the following diagram: 


Figure 2.1.1 


waOme ; 
d, = 3= 1.28 A 
doe yde sid) ee oen (2.1.10) 
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A large number of parallel rows of atoms could be chosen. 


Those with the largest grid spacing, d, are drawn. 
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Using formulae (2.1.9) and results (2.1.10), the position of 
diffraction spots produced by the parallel rows of atoms (A,B,C,D of 
figure 2.1.1) can be specified by coordinates X',Y'. For an incident 


electron beam voltage of 80 volts (A = 1.37A) the coordinates are: 
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does not exist (4 > 1) 


B = B(X',Y') = B(O, + 0.613R) 
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D(+ 0.532R5 RO. 305k) 

Since the atomic rows of spacing d, and all others of smaller 
spacing (d, ...- dn), do not satisfy the required condition (5 > 1), the 
only parallel rows of atoms contributing to the diffraction pattern are 
rows B,C,and D of figure 2.1.1. The type of diffraction pattern ex- 
pected for an energy of 80 eV incident on the (III) face of a copper 


crystal is shown below. 
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2.2.1 Electrons in Metals 
For the purpose of discussing electronic behaviour in metals 
it is desirable to set up the potential-energy field for the three- 
dimensional spacial array of atoms that exists in the interior of a 
metal. The resultant potential energy at any point in the metal is 
simply the sum of the potential due to all the surrounding lattice ions. 
The potential energy diagram resulting from two adjacent 


nuceli, (a,8) in a metal is shown below (8). 


Q Ol, B18 


If the only two nuceli present were a and 8, then the re- 


sulting potential energy diagram would be the sum of the two as shown 


by the dotted line Q1> By; 


If however, instead of two nuclei, there were several parallel 


rows of nuclei a,8,y,6 ..., the potential energy diagram would be as 


shown in figure 2.2.1. 
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Surface 
Figure 2.2.1 

Classical electrostatics, which does not take the atomic 
structure into account, predicts the interior of a metal as an equi- 
potential region. This, according to the above diagram is not true 
in the immediate neightbourhood of the nuclei, but as indicated by 
the flat portion, the potential energy is approximately constant for 
the greatest portion of the metal in the volume between the nuceli. 

An electron in a metal with potential energy corresponding 
to level A in figure 2.2.1 will collide with and rebound from the po- 
tential wall at ab. Its motion is almost restricted to the region ab 
and cannot drift very far from the nucleus. It is fittingly called a 
bound electron. 

When speaking of conduction in a metal we are interested in 
the free electrons. Such an electron is one having energy corresponding 
to (BC) in the diagram. Since at no point in the metal is the total 
energy converted to potential energy, at no point is the velocity zero. 


The electrons then travel more or less freely through the metal. However 
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when an electron reaches the surface it collides with a potential 
barrier resulting from the surface charge distribution. At this point 
its kinetic energy is reduced to zero, and the electron returns back 
into the metal. 

An electron having energy corresponding to point D of 
figure 2.2.1, does not collide with a potential wall, and is able to 
leave the surface. It is these high energy. electrons that are of 
interest in thermonic emission. 

Fermi-Dirac statistics predicts the probability of an electron 


having an energy E to be: 


] 


F(E) > Saya (252 eh) 
e E-Er)/KT y ] 
K = Boltzman's constant 
T = temperature of the metal 
EE = Fermi Energy 


Highest occupied energy level at T = OK 
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fe) 
From the preceding figure it can be seen that at T = OK no 


electrons exist with energies greater than the Fermi Energy E As 


E° 
fe) 

the temperature of the metal is increased, (T > OK) there is a certain 
probability that electrons exist with E > Ep. Even at very high 
temperature the number of electrons in these high energy states is a 


very small percentage of the total number of electrons. 


2.2.2 The Concept of Work Functions 

In order for one of these high energy electrons to escape 
the metal surface, it must possess an amount of energy greater than 
that represented by the height of the surface potential barrier. 
Figure (2.2.1) is redrawn in figure (2.2.2) with all potential vari- 
ations within the metal being omitted except the potential barrier at 


the surface. 


Surface 


Figure 2.22 
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If the momentum state corresponding to the top of the po- 
tential barrier is Spe only those electrons with momenta Poet bes 
will escape. There is, however, a certain probability that even some 
of the electrons with Ba Bey will be reflected at the surface. This 
can be represented by a reflection coefficient, r, such that the fraction 
(1-r) of the electrons with sufficient z momentum are able to escape. 

The number of electrons leaving on emitter surface per unit 
area, per unit time is n(p.) dp, V, where n(p,)dp, is the number of 


electrons per unit volume with momentum Ps in the interval dp, and ub 


is the z component of the electron velocity. The emission current is 


(9): 


(222) 


The number n(p_)dp, if found as follows: 
The energy distribution for electrons in a metal is given 
by equation 2.2.1. 


Using the perfect gas assumption: 
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Using 2.2.3 equation 2.2.1 becomes: 


F(E) = F(p,.p..p,) = 5-1, — (2.2.4) 
y p. “+p E p 
XO Py eee 1 


mea ag 
Cee enki KT +e 2mkT 


Average number of electrons 
with momenta Py Py »P,> in the 


F(p, »Py »P_) iz) = y 
momentum volume element dp ys 
dps dp, - 
= N(p, sPy sP,) dp, dp, dp (222.5 ) 


From quantum mechanics the number of allowed states in 


momentum space dp. dp, dp, is: 


dp, dp, dp, 
LUXAVig2 eee _——_—— (22.6) 
h 
where V = volume of metal 
h = Planck's constant 


The Pauli Exclusion principal allows two electrons (with 


Opposite spin) per quantum state giving: 


dp, dp, dp 
2(z) = 2y —~—¥ 4 (aon) 
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With relationship 2.2.7, equation 2.2.5 becomes: 


2V x 
3 F(py»PysP,) dp, dp, dp, = aye xePy»Pz) dP, dpy dp,) (2.2.8) 


Integrating 2.2.8 over dp, dp and substituting N(p x?Py Pz) = 


n(p, »p »p)V, equation 2.2.8 becomes: 


y 
+00 -+00 
n(p,) dp, aly dl TE ae (2.2.9) 
aes vet 


Cylindrical polar coordinates are introduced to facilitate 


integration. 


P, = P, cose 
Bi cee el0) 


Poe sind 


Remembering that JE ,-EE| > @ >> kT for an electron to escape, 


equation 2.2. can be integrated to give 


F ankT : 
h 


E-/KT —-p,‘/2mkT 
-e (222. ie 


The emission equation, equation 2.2.2 then becomes 
2 
Ee 
KT = 2mKT 
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where A = Snmek” 


> pd Ona E (252 3) 


@ = work function of the metal. 
Using relationship (2.2.13) equation (2.2.12) becomes the 


Richardson equation, 


1 = A(l-r). Toe79/ KT (2.2.14) 


2.2.3 Displacement Diode Characteristics 

One of the best known methods for investigating surface work 
functions is the thermonic diode method. For a diode with anode and 
cathode work functions of os and do respectively, the potential barrier 
that must be overcome by electrons leaving the cathode to reach the 
anode is es - i = Ad. Schematically this situation is represented 


below. 
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Electrons must have sufficient energy to at least reach the 


anode, if current is to flow through the diode. That is energy of 


+o, + dy =o, (2.2.15) 


Hence the equation for the diode current is: 


-o_/KT 
I = A(1-r)T2e 


(2.2.16) 
T = temperature of cathode. 
Thermonic diode characteristics are usually obtained by 
applying a bias voltage (-eV.) to the anode. The result being an in- 
crease or decrease in the anode Fermi level. A typical diode charac- 


teristic is shown in figure (2.2.3). 
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When the anode bias is greater than Ad all electrons emitted 
at the cathode are collected at the anode, and diode current is a con- 
stant depending on oe (DE in figure 2.2.3). In the region (DE) a slight 
increase in current is observed with increased anode voltages (DF). 

This increase is due to the reduction of the emitter work function 
due to the external accelerating field (10). 

In the region (CD), the electrons reaching the anode are 
very low velocity and are partially repelled by retarding field, causing 
an electron cloud to form at the emitter. This electron cloud, acting 
as a Space charge tends to increase the emitter work function thus re- 
ducing diode current. 

For the retarding field region (BC), the current collected 
at the anode is less than that emitted by the cathode due to the in- 
creased potential barrier (-eV.) that must be overcome. The equation 
for the diode current in this region is 


-(¢_-V_)/KT 
Fathi 


(Peco li) 
It is this region that is useful in determining bs since the 


effect of external fields on diode current are minimal. 


2.2.4 Adsorption Effect on Work Functions 
The work function of a metal is greatly influenced by the 
presence of an external electric field. Depending on the sign (ac- 


celerating or decelerating) of the field, the work function is lowered 
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or raised. 

A similar effect is observed due to any modification of the 
charge distribution on the metal surface. Adsorption processes change 
the surface charge distribution, hence changing the surface work 
function. Consider the work function change involved in two of the 


simplest forms of adsorption, illustrated in figure 2.2.4. 


Surface 


Figure 2.2.4 


An atom approaching a metal surface is subject to a Van der 
Waals force field resulting in a potential energy curve of the form 
ABC of figure 2.2.4. If the atom is ionized at point A and the electron 
goes to the metal, the potential of the original atom at A is increased 
by an amount w~-o where p is the ionization energy of the atom and 9 is 
the work function of the metal. The resulting ion is subject to an 
attractive image potential given by DEF of figure 2.4. If |D.-(v-o) | 
<|D.| the atom is adsorbed as an ion, since the most stable state is 


the state of lowest free energy. The effect of adsorption of ions on 
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work function is a decrease for positive ions, and an increase for 
negative ions. 

1 [D;-(y-4) |>]D, | the atom will be adsorbed as a neutral 
at B. In this case dipoles, resulting from polarization by the surface 
charge distribution of the metal, are adsorbed. The net result is an 
increase of the work function when the positive pole of the adsorbed 
dipole points away from the surface, and a reduction of the work 
function for an inward pointing dipole. 

It should be noted that the surface charge distribution is 
different for different crystal faces resulting in different work 


functions for each face. 
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CHAPTER III 
EXPERIMENTAL APPARATUS 


3.1 Vacuum System 

The arrangement of the vacuum system including the LEED 
system is shown in figure 4. 

All components in the ultrahigh vacuum region were con- 
structed of either glass or stainless steel, all joints were welded 
using argon inert gas technique, and shop constructed parts were 
cleaned as outlined in Appendix I. 

Varian conflat flanges fitted with OFHC copper gaskets were 
used for all demountable joints. 

The system was outgassed by baking at 300°C in a temperature 


regulated Marinite oven for a period of 8 hours. 


3.2 Pumps 

During bakeout the system was pumped by means of a 100 2/sec 
diffusion pump fitted with a liquid nitrogen cold trap. 

After bakeout, the diffusion pump was valved off and the 
system was then pumped with a 15 &/sec diode ion pump. An ultimate 


-10 


pressure of about 5 x 10 torr was achieved. 


3.3 Pressure Gauges 


A partial pressure gauge, capable of measuring partial pressures 
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as low as 10,1 torr was used to measure pressures. In addition to 
determining total pressure, the partial pressure gauge has the ad- 
vantage of giving additional information on residual gas in the system, 
and is used as a monitor for partial pressures of gases present during 
experiments. It also serves as a sensitive leak detector. 

Pressure during bakeout and initial roughing was monitored 
by a thermocouple gauge and a cold cathode ionization gauge incorporated 


into the pump stand. 


3.4 Gas Inlet 

Gas admittance into the system was accomplished with a bake- 
able, variable leak valve having a minimum leak rate of 1 x age R/sec. 
A liquid nitrogen cold trap was fitted to the line ahead of the leak 
valve. 

The LEED system used was the Veeco model] LM-1000. A dis- 


cussion of individual components follows below. 


3.5.1 Crystal Manipulator 
The crystal manipulator was capable of swinging the crystal 
across the path of the electron gun and into position for cleaning 


and work function measurement, but did not allow tilting or rotation. 


3.5.2 Electron Gun Optics 
The electron gun produced an electrostatically focused 
electron beam with energies ranging from 0-300 eV corresponding to 


wavelengths from 0.5A to 18A. An indirectly heated oxide coated 
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cathode was used to reduce filament glare in the diffraction pattern. 


3.5.3 Specimen Cleaning Facility 
Provision was made in the Veeco LM-1000 for electron bom- 
bardment heating of the target crystal in order to evaporate surface 


contaminants. 


3.6 Work Function Measurement 

The circuit for retarding field diode measurement shown in 
figure 5 was incorporated into the electron bombardment cleaning 
circuit installed in the LM-1000 equipment. While measuring work 
function changes, voltages were measured with a digital voltmeter, 
and currents were monitored with a sensitive electrometer. Additional 
peauiated voltages were used to provide the retarding potential and 
constant voltage input to the filament. The tungsten filament used 
for specimen cleaning in the LEED chamber served as the cathode of 


the retarding field diode. 


32/7 eebrysital holder 
Crystals were suspended between two strips of molybdenum, 


clamped to the LEED crystal mount. 


3.8 Temperature Measurement 

Crystal temperatures during cleaning were measured with a 
radiation thermometer. An emissivity of copper of 0.06 (10) was used. 
Temperatures measured with the radiation thermometer were thought to 


be accurate within + 50°F. 
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CHAPTER IV 
EXPERIMENTAL RESULTS AND DISCUSSION 


4.1 Sample Preparations 

A single copper crystal crystal one centimeter square and 
fifteen centimeters long was prepared from copper stock by multiple 
passes on a zone melting induction furnace. The final purity of the 
clean end of the crystal was about 99.99% pure. 

Two samples one centimeter square and 0.060 centimeters 
thick were cut from the copper bar with a 0.008 inch diameter wire 
saw and boron carbide abrasive, after orientating the required face 
by X-ray diffraction. The samples were then polished (5u diamond 
paste) and lightly etched with a solution of 70% nitric acid and 30% 
acetic acid. The surface roughness of the prepared specimen was 5 
to 20 micro inches, centre line average (see Appendix II for explanation 
of centre line average). Microscope pictures of the surface are 
shown in figures 6 and 7. Prior to mounting the specimen in the LEED 
system, the orientation of the desired crystal plane was specified to 
within 1 degree. The X-ray diffraction picture and analysis (4,11) is 


presented in figures 8 and 9. 


4.2 Specimen Cleaning 
Following mounting of the sample in the LEED system, and 


system bakeout, samples were degassed for about 200 hours at temper- 


30 


ae Vee ee a eee oe 
vt aaTANHO 
woveewsern OMA eTanesR satnan34X3 


znottersgerd sfamee fe 

bns svsupe vetemtsne2 ono fsteyia [steyyo Yeqqos Ssipnte A ey 
alqttfum yd toot2 vaqqoo movt betsqatq 26m pro! evetemesneo needti? 
eit to ystowg Tent? SAT SSB MINT nottoubat paxtsism snes & no — 
Sd eee. CR tuods esw Iateyyo ods vo bas nesta 

evatomtines 000.0 brs iets ved smtdag> sno oe! qmise OWT 

S¥fw ‘vesamie th dant 800. 0 6 Attw v6d tsqqoo orld mort ty2 sro ta 
9368 hasan’ eit pnttetnatyo votts ,svtesyds sbidvao novod bas wee 
brome tb ye) botiztloq nent svew esfqmpe ont .aottogytttb work ‘@ 
ROE bis bie orytra kO\ to noituloe 6 dttw badass yfidetl brs (st28q 
2 26w nembosaz beisqsyg. odd to eesarpwoy gostrwe oT bros oh3998 
aotssnsfaxs vot Il xtbrsqaA s02) apsisve antl sytnso ,esfont ovstm os a 
815 S96twWe SNF To exrwsotq SqoDZz019FM (sorteva antf svtnes Yo 
Qa34 add ni nembosqe odd enftdnvom of yOt1S =. bas @ zawett ot mworz 
oF bettraeqe 26w snsiq [stevia bevizsb sid to sottsinetyo ens ,meteye 
at (If,b) eteyisns bas studatq nottosytttb yev-% eaT .serpeb I ntistw 


.2 bas 8 2squpt? nt betnsesra 


antassid semtoeq2 $.4 
bas cmotaye 033. ont AE eiqnse sit to pntdqvom pntwot fot yet 
sl Aahaceets inci dl aa tial ae sieumiridbeet:(:. 


0& 


atures ranging from 1000°F initially, to 1200°F for the final 24 hours. 


During this time observations were made for diffraction patterns and 
work functions were measured. 
Curve A of figure 11 is the retarding potential curve ob- 


tained following this initial 200 hours of degassing of crystal 1. 


A diffraction pattern was not visible following this surface treatment. 


Crystal 1 was then heated for 15 minutes in an atmosphere 
of 4 x 10°° torr hydrogen, followed by a 4 hour anneal of 1200°F with 
a system pressure of 3 x iui torr. The retarding potential after 
this treatment did not change from that of the original surface. A 
diffraction pattern was still not visible. 

An additional 4 hours of heating crystal 1 at 1200°F ina 
hydrogen atmosphere of 4 x io? torr followed by a 24 hours anneal at 
1500°F did not clean the surface enough to produce a diffraction 
pattern. The retarding potential data is given by curve B of figure 
11. 

Another 8 hours of heating crystal 1 at 1200°F in 4 x Tone 
torr hydrogen, followed by a 24 hour anneal at temperatures of 1500- 


1600°F , produced the diffraction pattern expected for a clean, ordered 


(III) face, shown in figure 10. This final heat treatment evaporated 


3] 


an extensive amount of copper onto the LEED bell jar. As a consequence, 


the photograph of figure 10 is somewhat blurred. Subsequent temperature 


measurements were also in error due to the copper film on the LEED 


viewing port. 
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The retarding potential data obtained after the first dif- 
fraction pattern was observed is given by curve C of figure 11. The 
work function of crystal 1, from the retarding potential data of 
figure 11, was increased by 0.55 =€V by the hydrogen reduction - 
annealing, surface treatment. 

It was not evident from the tests performed on crystal | 
if hydrogen reduction contributed to the cleaning process. Further 
tests on crystal 1 were not possible due to its destruction by melting 
during further heat treatment. 

A second series of tests were performed on crystal 2, con- 
sisting of only the heat treatment used on crystal 1. Curves D, E 
and F of figure 11 were obtained after annealing for identical times 
and temperatures as crystal 1. The presence of a clean well ordered 
surface was not verified by LEED due to the destruction of the cathode 
when crystals were changed. The work function, according to figure 11, 
of the surface of crystal 2 after heat treatment was observed to be 
increased by 0.55 eV. 

These results indicate that the clean surface obtained with 
crystal 1 could have been obtained with the high temperature heat treat- 
ment alone. 

The difference in the diode currents for crystal 1 and 2 re- 
sulted from changing the voltmeter for measuring Vee 

The destruction of crystal |] prevented any tests to determine 
the length of time required for the surface to become contaminated and 


the length of high temperature (1500-1600°F) heat treatment required to 
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reclean the surface. 

Mass analysis of residual gas during hydrogen reduction 
indicated the reducing atmosphere to be 99.92% hydrogen, .01% HA0, 
.02% No and .05% Ar. Partial pressures of residual gases at the end 


10 


of the 24 hour anneal at 1500-1600°F were below 2 x 10° torr. 


4.3 Adsorption of Gases 

The clean (III) face of copper was exposed to quantities of 
hydrogen, nitrogen and oxygen at temperatures of approximately 500°F. 
The dosages were measured by taking the time integral of the true 
partial pressure read from the partial pressure gauge. Assuming a 
sticking probability of one and test gas at room temperature, ex- 
posures of 1.02 x Kore torr-sec. 3.3" x ‘ier’ torr-sec. and 3.65 x (me 
torr-sec were sufficient to produce a monolayer coverage of hydrogen, 
nitrogen and oxygen respectively on the crystal surface. 

All gas exposures were made with the partial pressure gauge 
filament on and inlet gas passing through a liquid nitrogen cooled cold 
trap. The gauge magnet was removed during all tests except during hydro- 
gen exposures where it was accidently left connected. 

A clean well ordered surface prior to gas exposures was assured 
by annealing for 8 hours at 1500-1600°F. While the crystal was at this 
temperature, the electron bombardment beam power was approximately 0.8 
watts. The crystal color at a temperature of 1500°F was bright orange. 

All adsorption studies were performed on crystal 2. 


During the work function measurements, the filament voltage 
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was set at 1.7 volts, and the grid voltage was + 40 volts. The 


emission current was: calculated to be approximately 1 x 107" amps. 


4.3.1 Hydrogen Exposure 

A series of hydrogen exposures at pressures of itp torr 
for periods of 1 - 60 minutes were performed at crystal temperatures 
one o00creands)500—F. 

Curve A of figure 12 represents the retarding potential 
curve at 500°F before hydrogen exposure. Curve B was obtained follow- 


ing a hydrogen exposure of 6 x 107° 


torr-sec at a crystal temperature 
of approximately 500°F. Curve C was obtained following an additional 
hydrogen exposure of 3.6 x ilar torr-sec. at a crystal temperature of 
approximately 500°F. 

The results of a second test with a hydrogen exposure of 


Oe i 


torr-sec. and a crystal temperature of approximately 1500°F 
are presented in Table II, column D*. 

At crystal temperatures of 500°F and 1500°F there was: no 
observed work function change resulting from hydrogen exposure. It 
was assumed that hydrogen did not adsorb. This is in agreement with 


the results obtained by Farnsworth (2) for the (100) face of copper. 


4.3.2 Nitrogen Exposure 
Following hydrogen exposure the system was allowed to pump 
for 48 hours to remove any residual hydrogen from the previous experi- 


ment. The crystal was then cleaned for 8 hours at a temperature of 
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approximately 1500°F. 

The retarding potential for the clean surface at 500°F is 
curve A of figure 13. Curves B and C were obtained after nitrogen 
exposures of 3 x 107° torr-sec. and 1.5 x 107" torr-sec. Retarding 
potential data obtained after a total nitrogen exposure of 1.8 x 107° 
torr-sec. iS given in column D*, Table III. Following a 4 hour anneal 
at 1500-1600°F, the retarding potential data was the same as that of 
curve A. 

According to curves B,C, and D, exposures of nitrogen did 
not change the surface work function. Farnsworth (2) found no change 
in work function or diffraction pattern when the 100 face of copper 
was exposed to nitrogen. 

Tests were not performed at elevated temperatures because 
the method of heating the specimen produces some nitrogen ions which 
according to Farnsworth (3) do adsorb. Since there were no facilities 
incorporated in the work function measuring circuit for biasing the 
specimen to seperate the different ionic species of nitrogen, and the 


LEED system was not functional, any results obtained would have been 


meaningless. 


4.3.3 Oxygen Exposures 

Following the procedure used in section 4.3.2 for cleaning 
prior to nitrogen exposure, the retarding potential data for curve A 
of figure 14 was obtained. Curves B, C and D were obtained after 
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oxygen exposures of 2 x 10° torr-sec., 3 x 10 torr-sec., and 3.8 x 


idee torr sec. Recleaning for 4 hours produced the clean surface of 
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curve A. 

Curve B represents an increase of the surface work function 
by 0.35 eV. Further oxygen exposures of 3 x iia torr-sec. and 3.8 x 
lope torr-sec. produced an increase of the surface work function of 
0.6 eV. 

It is not possible with the results from this experiment 
to predict the surface structure present following any of the oxygen 
exposures. It may be noted that LEE and Farnsworth (2) found a lowering 


of the surface work function of 0.4 eV on the (100) face of copper 


following an oxygen exposure of 2 x oa” torr-sec. - 


4.4 General 

Photomicrographs under 200 magnification of the crystal 
surface prior to, and after 400 hours of high temperature (1500-1600°F) 
surface treatment are shown in figures 6 and 7. 

The photomicrograph of figure 6 shows very little evidence 
of mechanical working due to polishing. The small black spots in 
both figures 6 and 7 are believed to be impurities either from 
polishing or from the copper single crystal from which the specimens 
were cut. 

In figure 7 the bright areas are the remaining portions of 
the crystal that are approximately parallel to the original (III) 
face. The darker areas are craters formed by copper evaporation 
during the cleaning process. The striations present in figure 7 are 


believed to be a result of polishing. Their presence in figure 7 and 
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absence in figure 6 can be explained by considering the mechanisms 
involved in polishing. Polishing removes surface irregularities, but 
induces some sub surface irregularities. After evaporation of several 
layers of copper, these sub surface undulations will appear on the 
surface. 

As a result of about 400 hours of heating the crystal at 
evaporation temperatures, approximately 70% of the original surface was 
destroyed by crater formation. 

The retarding potential! curves of the clean surface initially 
(50 hours of cleaning), prior to oxygen exposure (250 hours cleaning) 
and at the end of experiments (400 hours of cleaning) are replotted 
in figure 15. The surface work function change of the clean surface 
between the beginning of experiments and completion was - 0.40 eV. It 
was believed that this change resulted from destruction of the surface 
by crater formation and electrical current leakage caused by the ex- 
tensive amounts of copper evaporated onto the diode. 

The destruction of the surface was also a possible reason 


for the lack of intensity in the diffraction pattern. 


4.5 Errors 
Two types of experimental errors significant enough to in- 


fluence results were present during these experiments. 


4.5.1 Work Function Measurement 
These errors arose as a combination of instrument noise, 


background noise, and changes in surface properties while retarding 
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potential data was being obtained. These errors were minimized by 
repetition of the experiments and readings. In general the repro- 


ducibility of a curve, over a period of twenty minutes was + 0.05 eV. 


4.5.2 Temperature Measurement 

Before the evaporation of a copper film onto the viewing 
port of the LEED system, the radiation thermometer gave reproducible 
temperature readings of + 20°F. The choice of emissivity of 0.060 
gave temperature readings 200°F lower than the actual crystal temper- 
ature (Determined by melting the crystal). 

After large amounts of copper evaporated onto the LEED bell 
jar, the radiation thermometer could no longer be ieee Temperatures 
were determined by color and electron bombardment power. It was 
estimated that a temperature of 1500°F, which was used throughout the 


experiments, could be obtained to + 150°F. 
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CHAPTER V 
CONCLUSIONS 


1. A clean (III) copper surface can be obtained by heating to 
evaporation temperatures (1500-1600°F) for 50 hours in a vacuum of 


2 x.107? 


torr, after an initial 200 hours of degassing at 1000°F. 

2. The high temperature heating process produces a clean surface 
but tends to create craters on the surface. Extended cleaning will 
destroy most of the surface. 

3. Hydrogen did not aid in surface cleaning by reduction of 
copper oxides. 

4. Hydrogen did not adsorb on the (III) copper surface at 
temperatures of 500°F and 1500°F. 

5. Molecular nitrogen does not adsorb on a (III) copper 
surface at 500°F. 

6. Oxygen does adsorb on the (III) face of copper. An oxygen 


5 


exposure of 3.8 x 10 ~ torr-sec. resulted in an increase of the surface 


work function by 0.60 electron volts. 
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— FIGURE 6 — 
( MAGNIFICATION = 200) 


SPECIMEN BEFORE CLEANING 
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SPECIMEN AFTER CLEANING 
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— FIGURE 6 — 


LAUE BACK REFLECTION 
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STEREOGRAPHIC PROJECTION (Ill) 


X-RAY 


PLANE 


: wl ae hy) f] 4 
ooh a aa 
my) 


a 


at ia 
' vas 


re 
Se 
: 
- : - 
; : : o os we rm 
a a — <mme 
: X 


(Amps ) 


CURRENT 


DIODE 


© 


0) 


> 


t 
15) 


° 


oO ® 


inv) 


DS 


N 


oOo Oo 


nm > 


a 
mh 


Sammi 
| ( 


4 HOUR Hg REDUCTION 
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— FIGURE Il — 
RETARDING POTENTIAL FOR CRYSTAL CLEANING 
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RETARDING POTENTIAL FOR HYDROGEN EXPOSURE 
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RETARDING POTENTIAL FOR NITROGEN EXPOSURES 
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RETARDING POTENTIAL FOR OXYGEN EXPOSURES 
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RETARDING POTENTIAL FOR CLEAN SURFACE 
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TABLE I 
RETARDING POTENTIAL DATA FOR CRYSTAL CLEANING 


et. Voltage | Diode Current (Amps x 15. 
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TABLE I] 
RETARDING POTENTIAL DATA FOR HYDROGEN EXPOSURES 


Ret. Voltage Diode Current (Amp x 10!) 
eg ee 


(Volts) 
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Not plotted in figure 12 
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TABLE III 
RETARDING POTENTIAL DATA FOR NITROGEN EXPOSURES 


Ret. Voltage Diode Current (Amp x 10" 
(Wolts) [IRR Lf 
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TABLE IV 
RETARDING POTENTIAL DATA FOR OXYGEN EXPOSURE 


Ret. Voltage Diode Current (Amp x 10’) | 
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APPENDIX I 
CLEANING OF TYPE 304 STAINLESS STEEL 


1. Electrolytic polish for 30 minutes in a bath of glycerine and 
phosphoric acid. Current density was set at 75 - 150 Amp/ft®. 

Ze Oo Lealme 

3. Wash with acetone. 

4. Wash with isopropy! alcohol. 

5. Wash with methanol. 

6. Rinse with distilled water. 
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APPENDIX II 


CENTRE LINE AVERAGE 


Ve 
Centre line average = rf | y| dx 
0 
CG Lit Ats) 
& = length of distance on surface over which the averaging 


process is carried out. 
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